disruption of the spatial order of electromechanical junctions at myocyte-intercalated disks (ICDs) is a poorly understood characteristic of many cardiac disease states. Here, in vitro and in vivo evidence is provided that zonula occludens-1 (ZO-1) regulates the organization of gap junctions (GJs) and adherens junctions (AJs) at ICDs. We investigated the contribution of ZO-1 to cell-cell junction localization by expressing a dominant-negative ZO-1 construct (DN-ZO-1) in rat ventricular myocytes (VMs). The expression of DN-ZO-1 in cultured neonatal VMs for 72 h reduced the interaction of ZO-1 and N-cadherin, as assayed by colocalization and coimmunoprecipitation, prompting cytoplasmic internalization of AJ and GJ proteins. DN-ZO-1 expression in adult VMs in vivo also reduced N-cadherin colocalization with ZO-1, a phenomenon not observed when the connexin-43 (Cx43)-ZO-1 interaction was disrupted using a mimetic of the ZO-1-binding ligand from Cx43. DN-ZO-1-infected VMs demonstrated large GJs at the ICD periphery and showed a loss of focal ZO-1 concentrations along plaque edges facing the disk interior. Additionally, there was breakdown of the characteristic ICD pattern of small interior and large peripheral GJs. Continuous DN-ZO-1 expression in VMs over postnatal development reduced ICD-associated Cx43 GJs and increased lateralized and cytoplasmic Cx43. We conclude that ZO-1 regulation of GJ localization is via an association with the N-cadherin multiprotein complex and that this is a key determinant of stable localization of both AJs and GJs at the ICD.
Over postnatal ventricular development, the remodeling of electromechanical junctions from lateral, side-by-side contacts between myocytes results in a preferential accumulation of AJs, desmosomes, and GJs at ICDs in the adult (2, 13, 16) . The average size of GJs also increases during the postnatal growth of the ventricle (16, 36) . A distinct population of large GJs composed of connexin-43 (Cx43) differentiates at the periphery of ICDs, with smaller GJs localizing to the disk interior (12) . Organizational patterns seen homogenously throughout the ventricle early during the postnatal period, including the lateralization of junctional proteins such as Cx43 and desmoplakin, are recapitulated in adult ventricles of some arrhythmic cardiomyopathies (7, 15, 34, 35, 38, 42) . The fact that the normal ordered pattern of intercellular junctions at the mature ICD is disrupted by mutations in mechanical junction proteins (30, 34) suggests a hierarchical dependence for mechanical junction formation to precede normal GJ localization. Understanding the mechanism of how intercellular junctions are patterned and integrated into the mature ICD will provide insight into the origins of arrhythmic pathologies.
Zonula occludens-1 (ZO-1) is an actin-binding scaffolding protein that localizes at the ICD (4, 19, 20, 40) . Originally discovered in association with the tight junction (8, 10, 39) , ZO-1 has since been shown to interact with components of various other junction types (9, 25) and is required for the formation of polarized AJs in epithelial cells (22) . The aminoterminal (NT) half of ZO-1 binds a number of proteins thought to contribute to the structure and function of the AJs, including ␣-catenin, ALL1-fused gene from chromosome 6 protein/ afadin, ZO-2, ZO-3, and others (1, 11, 17) . ZO-1 also interacts with Cx43, the main GJ protein of the ventricular myocardium, via a consensus class II postsynaptic density 95/Drosophila disk large/ZO-1 (PDZ)-binding motif (40) . This interaction involves the Cx43 carboxyl terminus (CT) and the second PDZ domain (PDZ2) in the NT of ZO-1 (9) .
We have previously shown that a short peptide designed to disrupt ZO-1 interaction with Cx43 by mimicking the PDZ2-binding ligand of the Cx43 CT increased GJ size between cultured myocytes (20) . Here we report that a dominantnegative ZO-1 construct (DN-ZO-1) perturbed the AJ and GJ organization between rat ventricular myocytes in vitro and in vivo. The expression of DN-ZO-1 in ventricular myocardium over postnatal development reduced the accumulation of GJs at ICDs, with complementary increases in lateralized GJs similar to those seen in the immature and diseased ventricle (7) . Moreover, an acute and long-term expression of DN-ZO-1 disrupted the physiological patterns of N-cadherin and ZO-1, associated with a breakdown of the characteristic segregation of small interior and large peripheral GJ populations occurring at ICDs. Furthermore, a cytoplasmic internalization and a reduction in localization at sites of cell-cell interaction of ZO-1, N-cadherin, and Cx43 were observed. The alterations in AJ and GJ localization were not due to DN-ZO-1 weakening the interaction between Cx43 and ZO-1, as no such disruption to AJ protein localization was observed in the presence of the PDZ2-binding peptide derived from Cx43. We conclude that the level of ZO-1 association with the N-cadherin multiprotein complex determines the localization of GJs at cell-cell interactions between myocytes, primarily via the disruption of AJ organization.
MATERIALS AND METHODS
Animal care was approved by and in accordance with institutional guidelines at the Medical University of South Carolina, Charleston, SC (Animal welfare assurance number: A4328-01). To confirm reproducibility, the experiments were repeated a minimum of three times. The quantification of confocal images was performed on optical sections from at least three animals per time point.
Neonatal ventricular myocyte isolation and culture. The isolation and culture of neonatal rat myocytes were performed according to the method of Simpson et al. (37) with modifications. Hearts were removed from neonatal rats at 1-4 postnatal days and minced in Hanks' balanced salt solution (HBSS; Gibco). Following extensive washes with HBSS, the tissue was incubated on a Nutator in digestion solution (HBSS with 0.5 mg/ml of collagenase and 10 mg/ml cytosine arabinoside) for periods of 20 min. Following each incubation, the solution containing isolated myocytes was removed and fresh digestion solution was added. The isolated myocytes were spun at 200 g for 10 min, and the supernatant was discarded. FBS (5 ml; Hyclone) was added to each pellet following centrifugation. After six digestion incubation periods, the pellets were pooled, placed in maintenance media (medium 199 with 20% FBS and 10 mg/ml cytosine arabinoside), and plated on a 150-ml culture dished for 1 h to selectively remove fibroblasts. Myocytes were then centrifuged, diluted in maintenance media, and plated on 0.02% gelatin (Sigma)-coated coverslips or culture dishes. The culture media was changed every 48 h. The myocytes were plated for 72 h before adenoviral infection to allow the formation of stable cell-cell contacts.
Expression of DN-ZO-1 postnatally in vitro and in vivo. Full-length human ZO-1 cDNA in pSK-Bluescriptϩ was a gift from Dr. J. Anderson (Yale University, New Haven, CT). The open reading frame of ZO-1 from bases 150 to 1,227 was cloned using the polymerase chain reaction (forward primer: 5=-GAG ACA AGA TGT CCG CCA GA-3=; reverse primer: 5=-TTG AGA CAG CCC CAG GTT TAG-3=) into pGem-T Promega easy vector system. After the sequence and orientation were confirmed, the sequence was cloned into an AdEasy adenovirus expression vector upstream of a myc sequence (Q-Biogene, Carlsbad, CA). The construct incorporated a bicistronic cytomegalovirus promoter enabling the coexpression of the 369 amino acid truncated ZO-1-myc sequence and green fluorescent protein (GFP). Primary neonatal myocyte cultures were infected with Ad-DN-ZO-1, an empty GFP control adenovirus (Ad-GFP), or no adenovirus for a period of 24 h. The cultures were infected with Ad-DN-ZO-1 or Ad-GFP at an multiplicity of infection between 3 and 5, which resulted in an infection efficiency of Ͼ70%. Following 24 h of exposure to the adenovirus, the cultures were washed in PBS and new media was added. The cultures were harvested for Western blot analysis or immunohistochemistry after 72 h of protein expression.
Adenovirus injection in vivo was carried out either long term over the course of postnatal development or acutely over a 48 -72-h time period. In the instance of the long-term expression of DN-ZO-1, microinjections of adenovirus into neonatal hearts were performed according to the method of Christensen et al. (5) with modifications. Neonatal rats (postnatal day 1) were placed on ice for 2 min. Approximately 15 l of adenovirus were loaded into a flame stretched capillary tube. The capillary tube/needle was then mounted on a micro-manipulator system, and the chest cavity was penetrated. The entrance of pulsatile blood into the capillary tube indicated the penetration of the ventricle. A Picospritzer II (General Valve, Fairfield, NJ) was used to provide pressure for the injection of adenovirus into the ventricle. Following the injection, the rats were euthanized at 1-, 10-, 40-, and 90-day time points.
The acute expression of DN-ZO-1 was carried out in the adult rat heart. Female 8-wk-old Sprague-Dawley rats (Charles River) were anesthetized and intubated, and the thorax was exposed through an incision in the fourth intercostal space. The pericardial sac was removed, and ϳ30 l of Ad-DN-ZO-1 virus was injected subepicardially in the left ventricular free wall. The incisions were closed, and the rats were revived. The animals were euthanized 48 h postinjection. The hearts were fixed in 4% paraformaldehyde for 10 min and frozen in liquid nitrogen-cooled optimal temperature cutting media.
Coimmunoprecipitation analyses. Coimmunoprecipitations were based on previously reported protocols from Barker et al. (3) . Lysates were collected 72 h postinfection in 500 l/well complete lysis buffer containing 50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 2 mM EGTA, 1% Nonidet P-40, 0.1% SDS, 0.25% sodium deoxycholate, 0.01 mg/ml DNase, and complete protease-phosphatase inhibitors for 10 min at 4°C on orbital rotater (maximum rotation). The cells were scraped and syringed with a 22-gauge needle 5ϫ, followed by a 27-gauge 6ϫ, and lysis continued for 1 h at 4°C with rotation. The samples were centrifuged at 14,000 rpm for 20 min at 4°C. The pellets were extracted in one-tenth volume lysis buffer supplemented with 1% SDS and brought to the same volume as the supernatant in lysis buffer to give 0.1% SDS. Protein concentrations were determined with Pierce Micro BCA. Rabbit polyclonal antibodies were precoupled to n Protein A Sepharose Fast Flow (Amersham 17-5280-01) and mouse monoclonal antibodies to Protein G Sepharose Fast Flow (Amersham 17-0618-01). Coupling buffer (750 l) containing (in mM) 150 NaCl, 50 Tris (pH 8), and 1 EDTA was added to the 65-l packed washed beads/reaction, followed by 5 g of either rabbit anti-ZO-1 (H300; Santa Cruz) or mouse anti-N-cadherin (33-3900; Zymed).
The coupling reactions were incubated for 1 h at 4°C with endover-end rotation. The coupled beads were collected by centrifugation for 30 s at 600 g and washed 3ϫ in cold PBS. Equal volumes of lysate were added to the coupled beads and incubated overnight at 4°C with end-over-end rotation. The complexes were centrifuged at 12,000 rpm for 20 s and washed 4ϫ in complete lysis buffer. The complexes were released from the beads in 50 l 2ϫT sample buffer (161-0791; Bio-Rad) and subsequently heated at 95°C for 5 min. The samples were resolved on 3-8% Tris-acetate gel (Criteron XT 345-0129; Bio-Rad) in 1ϫT Tricine running buffer (161-0790; Bio-Rad). Resolved proteins were transferred to Immoblion PVDF at 100 V for 1 h (15 mM Tris, 192 mM glycine, 10% vol/vol methanol, and 0.01% SDS) with cooling. The membranes were blocked in 2% nonfat dry milk/TBS-Tween-20 and probed with the following primary antibodies: rabbit anti-ZO-1 (1:2,000; 61-7300; Zymed) and rabbit anti-Ncadherin (1:100; H63; Santa Cruz). Subsequently, all the blots were probed with a goat anti-rabbit alkaline phosphatase secondary (1: 10,000; 4010-04; Southern Biotechnology). Immunoreactive proteins were visualized by chemiluminescence using CDP STAR (Applied Biosystems T2306) as a substrate.
Confocal microscopy. Frozen sections of rat heart were prepared for immunolabeling as previously described (2, 14) , as were myocyte cultures (21) . For intact tissue, hearts from various postnatal ages (days 1, 10, 40, and 90) were surgically removed, fixed in 4% paraformaldehyde, and washed thrice in PBS. Before being placed in TBS tissue freezing compound (Triangle Biomedical Sciences), the hearts were examined by fluorescence microscopy to assess and photograph the regions of GFP expression and to orient the hearts for sectioning. The specimens were then immediately immersed in liquid nitrogen until frozen solid. Fresh frozen sections (10 m) were prepared at Ϫ32°C and placed on glass slides. The sections were then washed with PBS-A with 0.01% Triton X-100 added and blocked with 1% bovine serum albumin in PBS-A for 1 h. The primary antibodies used for immunolabeling were rabbit anti-ZO-1 (1:100; Zymed), mouse anti-Cx43 (1:100, Chemicon, Temecula, CA), mouse antiCx43 immunofluorescence-1 (1:1,000), and rabbit anti-Cx43 (1:8,000; Sigma). As in our earlier studies (3, 43) , Alexa488 (1:3,000; Molecular Probes) and Cy5 (1:125; Jackson )-conjugated secondary antibodies were used for double labeling to ensure that the signal overlap between detection channels did not occur. Experiments requiring double labeling in the presence of the viral GFP signal were labeled with Alexa 568 and 633 (1:3,000; Molecular Probes) or Cy5-conjugated secondary antibodies, and the images were obtained sequentially to prevent signal overlap. High-magnification optical sections were captured with either a Leica TCS SP2, Leica TCS SP5, or a Perkin-Elmer spinning disk laser confocal microscope (LCM) equipped with a 63ϫ or 100ϫ oil-immersion objective. The microscope model, objective, pinhole, gain, and black level settings were held constant for each experiment. For quantitative analyses of Cx43 GJ size, cellular distribution, and colocalization with ZO-1, confocal optical sections were taken at random locations from left ventricular myocardium (at postnatal days 1, 10, 20 , and 90), isolated neonatal myocytes cells immunolabeled for Cx43 and/or ZO-1. Immunolabeled en face ICDs were optically sectioned and reconstructed as previously described (12) .
Isolated neonatal rat ventricular myocytes (NRVMs) grown on gelatin-coated coverslips were fixed with 4% paraformaldehyde for 10 min, washed 3ϫ in PBS-A, and then blocked with 1% bovine serum albumin in PBS-A with 0.01% Triton X-100 added for 1 h. The slides or coverslips were incubated overnight at 4°C in a combination of primary antibodies directed against ZO-1 (1:100; Zymed), Cx43 (1:100; Chemicon; Sigma), c-myc ( 1:100; Santa Cruz Biotechnology, Santa Cruz, CA), or N-cadherin (1:100; Sigma). Secondary antibodies conjugated to the fluorescent probes Alexa 546 and Alexa 633 were used to label the specific primary antibodies. Antifade agent (Molecular Probes) was added, and the sections were coverslipped and sealed.
Adult rat hearts were surgically removed 48 h after Ad-DN-ZO-1 injection, 10-m sections were obtained, and the hearts were double immunolabeled using the following antibodies: ZO-1 (1:100, rabbit, Zymed), Cx43 (1:1,000, mouse immunofluorescence-1, and 1:8,000, rabbit; Sigma), and N-cadherin, (1:500, mouse, BD transductions) using anti-rabbit Alexa 568 and anti-mouse 633 secondary antibodies respectively (1:3,000; Invitrogen). A Leica LCM equipped with a 63ϫ oil-immersion objective and a digital zoom of 4 was used to obtain a 32-slice Z-series (0.17 m step size) of ICDs inside and outside the virally infected (GFP positive) regions. Proprietary Leica software was used to generate maximum projections of these slices and a colocalization mask.
Image analysis. For analyses of ventricular myocardium, the quantification was replicated on three to six animals per time point. For analyses of isolated neonatal myocytes, the measurements were replicated on four independent cultures at each time point (24 and 48 h). The areas of individual Cx43 plaques/particles (Ͼ2,000 per condition and/or time point) were measured from 9 -16 images using National Institutes of Health Image as previously described (2, 3, 14) . The quantification of postnatal ZO-1 colocalization with Cx43 plaques was carried out according to Zhu et al. (43) . Measurements of ZO-1 colocalization with the inner/outer edge of peripheral disk GJs was performed in ImageJ by bisecting the outer Cx43 plaques and dividing the area of the colocalized ZO-1 by the total Cx43 immunolabeled area. Cytofluorograms were generated using Colocalizer Pro 2.6 (Colocalization Research Software). Statistical analyses were done using Microsoft Excel. Unless otherwise noted, means were compared using Student's t-test; P values Ͼ 0.05 were rejected as not significant. Data shown with P values as means Ϯ SE.
RESULTS

GJ distribution and Cx43-ZO-1 interaction in the adult ventricle.
In the adult mammalian ventricle, the largest GJs ring the periphery of ICDs (Fig. 1A and Ref. 12). To gain further insight into the differentiation of this distinct class of large GJs, we examined ZO-1 colocalization with Cx43 in ICDs reconstructed from LCM optical sections. Consistent with previous studies (3, 43) , GJs in the disk showed modest levels of colocalized ZO-1 mainly occurring at plaque edges (Fig. 1, A-C) . However, we also identified a novel phenomenon not previously described. A radial asymmetry in ZO-1 localization at the large peripheral GJs was noted (Fig. 1C) . Specifically, the outer edge of the large GJs demonstrated reduced levels of colocalized ZO-1 compared with the inner edge facing into the disk interior. An example of this organization is illustrated in Fig. 1C , inset, where a Cx43 aggregate at the periphery of the ICD can be seen to have its inner edge bordered by colocalized ZO-1 (white), whereas its outer edge is free of ZO-1. The quantification confirmed that ZO-1 colocalization at the outer edge of the large peripheral plaques was significantly lower (P Ͻ 0.05, n ϭ 5 animals) than the edges facing into the disk interior (Fig. 1D) .
Expression of a DN-ZO-1 in cultured NRVMs. We next examined the effects of targeting ZO-1 on intercellular junctions in cultures of NRVMs. Previous groups have reported a DN-ZO-1 construct comprising a truncated NT sequence of ZO-1 incorporating its first and second PDZ domains. This sequence lacks the CT actin-binding domain of full-length ZO-1 and has been shown to disrupt AJs and GJs in cell culture models (27, 33, 41) . We generated a bicistronic adenoviral vector that coexpressed this DN-ZO-1 sequence together with GFP. The DN construct incorporated amino acids 1 through 359 of ZO-1 tagged at its CT with the 10 amino acid myc sequence ( Fig. 2A) .
Primary cultures of NRVMs were infected with Ad-DN-ZO-1, a control adenovirus expressing GFP (Ad-GFP), or no virus. Following 72 h of expression, the cultures were double immunolabeled for Cx43 and myc (Fig. 2, B-F) . As expected, only NRVMs overexpressing DN-ZO-1 showed immunolabeling for both myc and GFP (blue and green channel in Figs. 2B and 3D, respectively). Western blot analysis with anti-myc antibodies indicated that a 42-kDa band, consistent with the molecular mass of DN-ZO-1, was expressed in cultures infected with Ad-DN-ZO-1 (Fig. 2G) . NRVMs not exposed to virus or infected with Ad-GFP did not show this band (Fig. 2G,  top) . Western blot analysis indicated that the overall Cx43 levels did not vary between Ad-DN-ZO-1, Ad-GFP, and noninfected NRVMs (Fig. 2G, middle) .
The Cx43 distribution in DN-ZO-1-expressing cells was then examined. Conveniently, differential GFP expression enabled a ready discrimination of individual myocytes, providing a straightforward means of visualizing cell borders and sites of cell-cell contact. When this ability to visualize cell borders was used in conjunction with single confocal optical sectioning, Cx43 immunolabeling localized at cell borders could be distinguished from that in the cytoplasm. With the use of this approach, alterations in the distribution of Cx43 GJs were observed in DN-ZO-1 expressing NRVMs. NRVMs infected with Ad-DN-ZO-1 had larger Cx43 GJ particles (Fig. 2B, inset) relative to noninfected or Ad-GFP-infected cells (Fig. 2B, inset) . Also, Cx43 immunolabeling in the cytoplasm was increased in DN-ZO-1-expressing NRVMs (Fig. 2, D-F) . This phenomenon is unequivocally illustrated in Fig. 2 where cytoplasmic Cx43 particles are observed proximal to, but disassociated from, a cell-cell border delineated by GFP expression (Fig. 2E) . The quantification confirmed that significant increases in Cx43 particle size (P Ͻ 0.05, Fig. 2H ) and cytoplasmic localization of Cx43 (P Ͻ 0.05, Fig. 3I ) had occurred in Ad-DN-ZO-1-infected NRVMs relative to Ad-GFP-infected and noninfected controls.
We next determined the acute effect of DN-ZO-1 on AJs as delineated by N-cadherin immunolabeling (Fig. 3, A-H) . In control myocytes, ZO-1 colocalized with frequent N-cadherin punctae at intercellular contacts [ Fig. 3 , B, E (arrow), and H (high magnification)]. In contrast, at 72 h postinfection, DN-ZO-1-expressing NRVMs exhibited a prominent accumulation of N-cadherin and ZO-1 within the cytoplasm and reduced N-cadherin at cell-cell borders (compare Fig. 3C with 3E and 3D with 3F). Junction-like N-cadherin punctae could be seen at points of cell-to-cell contact between myocytes (Fig. 3, C and G, high magnification). However, this cell border-localized N-cadherin showed a reduction of colocalized ZO-1. Most notably, the distribution of ZO-1 shifted from a cell-cell border to cytoplasmic localization with DN-ZO-1 expression (compare Fig. 3D with 3F ). To investigate this further, we undertook Western blot analysis and coimmunoprecipitation studies of ZO-1 and N-cadherin in NRVMs. Western blot analysis of NRVM lysates revealed a reduction in ZO-1 in DN-ZO-1-infected cells compared with noninfected cells or cells treated with a PDZ-binding peptide derived from the Cx43 carboxy terminus and designed to inhibit ZO-1 PDZ interactions (␣-CT1) (Fig. 3I) . Consistent with these results, the treatment of NRVMs with the ␣-CT1 PDZ-binding peptide resulted in no discernable change to N-cadherin localization (supplementary Fig. 1 ; note: supplemental figure may be found posted with the online version of this article). We were unable to detect changes in ZO-1 coimmunoprecipitated with N-cadherin in our assay; however, consistent with immunocytochemical results, we found a loss of the N-cadherin band coimmunoprecipitated with ZO-1 antibodies from lysates of NRVMs infected with Ad-DN-ZO-1 compared with uninfected NRVMs (Fig. 3J) .
Effects on ICD organization in vivo of acute Ad-DN-ZO-1 infection.
The effect of the acute expression of DN-ZO-1 over 48 h in adult ventricular myocardium was subsequently investigated. Infected adult rat hearts demonstrated frequent GFPpositive myocytes in the ventricle corresponding to sites of viral injection (Fig. 4A) . For virally infected cells in vivo, GFP expression provided a further morphological marker in addition to demarcating individual myocytes as described in vitro.
In vivo GFP enabled a discrimination of end to end (ICDs) from lateral domains of contact between longitudinally arrayed myocytes (Figs. 4 and 5) . Figure 4A demonstrates an LCM field exhibiting areas of both virally infected and noninfected myocytes. Figure 4 , B and C, shows a superimposition of N-cadherin signal with the N-cadherin/ZO-1 colocalization mask to highlight the colocalized pixels of disks indicated by boxed regions in Fig. 4A, bottom. A high-magnification colocalization analysis of these two ICDs in this field reveals a decrease in colocalization of N-cadherin and ZO-1 in the disk 4B, top, with 4C, top) . A cytofluorogram plot of the pixels in two selected disk regions exhibits less colocalization in the DN-ZO-1-positive region as indicated by the number of pixels in the upper right quartile (Fig. 4B, bottom, and 4C, bottom) .
Three-dimensional projections of LCM optical sections were used to generate en face views of ICDs of DN-ZO-1-expressing regions (Fig. 5, A-E) . A colocalization analysis revealed no significant change in the overall Cx43/ZO-1 colocalization compared with noninfected regions (Fig. 5F ). However, changes were noted in the geometry of the Cx43/ZO-1 colocalization pattern, as well as the characteristic distribution of GJ sizes at ICDs in Ad-DN-ZO-1-infected myocytes (Fig. 5, B  and C) . Specifically, GJs located at the disk periphery demonstrated uniform ZO-1 localization around plaque edges (Fig.  5B) , i.e., a loss of the novel asymmetric colocalization pattern we report at normal disks found in noninfected hearts (Figs. 5C  and 1C ). The quantification of ZO-1 localized with GJs at the ICD periphery in DN-ZO-1-expressing myocytes indicated a loss of the normal pattern in which ZO-1 was focally concentrated at the inner facing plaque edge (Fig. 5G) . Instead, ZO-1 was uniformly localized around the plaque edge of ICD peripheral GJs in DN-ZO-1-expressing myocytes. Concomitant with this altered ZO-1 colocalization pattern, there was a loss of the characteristic distinction between the large GJs at the disk periphery and smaller GJs in the disk interior. The size ratio of the inner region Cx43 GJs to those at the disk periphery was significantly (P Ͻ 0.05) increased in the Ad-DN-ZO-1-infected disks (Fig. 5H) . The en face views of ICDs in Ad-DN-ZO-1-infected cells also revealed a disruption of normal N-cadherin organization (compare Fig. 5D with 5E ). In addition to the decreased colocalization between N-cadherin and ZO-1 (Fig. 4) , disks of cells expressing DN-ZO-1 showed distinct heterogeneity, with nonuniform clumps of N-cadherin occurring in the en face views (Fig. 5D ) that were not evident in the noninfected myocytes (Fig. 5E) .
Long-term DN-ZO-1 expression by ventricular myocytes in vivo increases lateralization of Cx43
GJs. The experiments in the previous sections demonstrated that an acute expression of DN-ZO-1 disrupted the junctional complexes at the ICD in both neonatal and adult myocytes. We next determined how constitutive long-term DN-ZO-1 expression influences ICD differentiation over postnatal development. Adenovirus was injected into the ventricles of neonatal rats and expressed DN-ZO-1 over postnatal development using a method previously described by Chien and colleagues (5). Following the injection of Ad-DN-ZO-1 and Ad-GFP into the neonatal ventricle, we found the foci of infected myocytes that numbered from a few to hundreds of cells that showed persistent GFP expression at 10, 40, and 90 postnatal days (Fig. 6, A-E) . Myc-labeling, indicating the presence of the DN-ZO-1 protein, was also maintained in Ad-DN-ZO-1-infected myocytes in the ventricle (Fig. 6D) . In contrast, Ad-GFP-infected and noninfected control cells exhibited no evidence of myc immunolabeling (Fig. 6E) . Confocal imaging of single optical sections of DN-ZO-1 ventricles at 10, 40, and 90 days revealed a decrease in end-to-end localization of Cx43 and an increase in Cx43 GJ size and cytoplasmic localization over 90 postnatal days. (Fig. 6, F-K) .
Immunolabeled Cx43 GJ size and distribution were measured in single confocal optical sections from the ventricle of 40-day-old animals, i.e., the approximate midpoint in the postnatal accumulation of GJs into ICDs (2) (Fig. 7, A-I) . GFP labeling and confocal optical sectioning were again used to discriminate ICD, lateral, and cytoplasmic localizations of junctional components. Ventricular myocytes expressing DN-ZO-1 displayed alterations in GJ size and distribution compared with the Ad-GFP and noninfected controls (Fig. 7, A-D) . Cx43 aggregate size was significantly increased (P Ͻ 0.001) in Ad-DN-ZO-1-infected myocytes, relative to controls (compare Fig. 7B with 7D ; quantified in Fig. 7G ). In addition, significantly increased levels (P Ͻ 0.005) of cytoplasmic Cx43 particles were found in DN-ZO-1-infected myocytes compared with those of Ad-GFP and noninfected control cells (Fig. 7H) . A decrease in immunolabeled Cx43 GJs at ICDs was evident at 40 postnatal days (Fig. 7, A-F) relative to GFP-expressing (Fig. 7I) . Significant increases (P Ͻ 0.005) in the proportion of Cx43 GJs localizing at lateral domains of cell-cell contacts were observed in Ad-DN-ZO-1-infected relative to Ad-GFP expressing myocytes. Additionally, consistent with our results in acute expression models (Figs. 3 and 4) , N-cadherin immunolabeling was reduced at cell-cell contacts in ventricular myocytes expressing DN-ZO-1 relative to uninfected myocytes (Fig. 7, E and F) .
DISCUSSION
Previous work from our laboratory has focused on the role of direct ZO-1 interaction with Cx43 on GJs. Specifically, we have shown that Cx43 GJ size is related to the level of ZO-1 interaction with the CT of Cx43 and that inhibiting this interaction increases GJ size in cell culture models (20) . Here we report two novel findings. First, the population of large GJs that ring the periphery of ICDs exhibit a decreased association with ZO-1 along the outer GJ edge compared with the inner GJ edge, i.e., the edge facing the disk interior (Fig. 1) . This new observation in the adult rodent heart is consistent with our previous in vitro studies that showed ZO-1 at the plaque edge limited GJ size. The larger size of junctions at the ICD periphery appears to result from the asymmetric loss of ZO-1 at the outer edge of GJs, leading to the disinhibition of size growth regulation at the outer edge of the plaque. This asymmetry in colocalized ZO-1 at the inner versus the outer edge of GJs was not observed at ICDs from hearts expressing the DN-ZO-1, demonstrating that the mutant sequence disrupted normal ZO-1 Cx43 association at the ICD. The second novel finding reported here is that the regulation of GJ localization by ZO-1 is not exclusive to the direct ZO-1-Cx43 interaction. The data presented indicate that ZO-1 regulation of GJ localization at sites of cell-cell interaction is not related to a direct interaction with the GJ and likely occurs via an effect on the AJ. We further demonstrated that the loss of Cx43 GJ localization at cell borders occurred downstream of AJ disruption by DN-ZO-1. It is long established that ZO-1 interaction with the AJ complex is necessary for the "strong state" of adhesion that occurs in sheet-like junctions such as those at the ICD or in polarized epithelia (23) . The loss of ZO-1 association with the cadherin multiprotein complex and cytoplasmic internalization as demonstrated here in response to DN-ZO-1 (Fig. 2G ) is characteristic with a "weak state" of AJ adhesion. This state is exemplified by small punctate cell-cell contacts such as those found between fibroblasts (22) . Our immunolabeling and coimmunoprecipitation results show a dissociation of N-cadherin and ZO-1 at AJs and smaller N-cadherin-positive punctae at myocyte-myocyte contacts in the presence of DN-ZO-1. These changes are consistent with a reduction in the "strong state" of adhesion. Those AJs that persist in DN-ZO-1-expressing myocytes lack colocalized ZO-1 and appear to resemble "weak state" AJs (22). A downstream dependence of GJ stability on the AJ "strong state" may have implications for differentiation of the ICD during maturational growth of the heart. In 1997, our group showed that the assembly of AJs into ICDs during postnatal ventricular development preceded that of GJs (2) . Based on this observation, we hypothesized that the maintenance of disk-localized GJs was related to their physical proximity to AJs (2). ICD differentiation over postnatal development was proposed to result from a process that involved the retention of GJs at AJ-rich regions of sarcolemma (i.e., at ICDs) over the loss of GJs from AJ-sparse regions at lateral membranes. Consistent with this hypothesis, we show in the present report that a constitutive expression of the AJ-destabilizing molecule DN-ZO-1 from birth in the ventricle leads to large increases in lateralized GJs (Fig. 6) .
The disruption of cadherin-mediated contacts and GJs similar to that seen in postnatal development is recapitulated in certain myocardial pathologies, particularly those diseases associated with arrhythmia (34, 35) . The lateralization of Cx43 GJs to AJ-sparse regions of membrane has been reported in myocardial infarct border tissue and zones of myofiber disarray in patients with hypertrophic cardiomyopathy (35) . Similar to our observations with DN-ZO-1, Hertig and coworkers (18) found that the expression of a DN-N-cadherin in rat myocytes resulted in the disruption of GJ contacts between myocytes (18) . Additionally, in studies by Luo and Radice (28) , the cardiac-specific loss of the N-cadherin gene in mice showed reduced Cx43 GJs (28) . Subsequent work by the same group indicated that these N-cadherin-deficient mice also died of ventricular arrhythmias (26) .
In humans, it is known that diseases associated with AJ mutations lead to electrical disturbances. Rare hereditable syndromes such as Carvajal syndrome and Naxos disease that are marked by mutation of desmosomal proteins (34) are characterized by arrhythmias and a profound disruption of myocyte GJs. These disruptions include reduced Cx43 expression and cytoplasmic internalization of both GJs and desmosomal components. Additionally, the lateralization of Cx43 GJs to AJ-sparse regions of membrane has been reported in myocardial infarct border tissue and zones of myofiber disarray in patients with hypertrophic cardiomyopathy (35) .
Our data in myocytes and in the heart using DN-ZO-1 are consistent with previous results, demonstrating that ZO-1 truncations, including a sequence nearly identical to DN-ZO-1, cause a disruption of AJs between corneal epithelial cells (33) and induced delayed AJ formation in another epithelial cell line (22) . An older report using a ZO-1 mutant protein similar to the one used in our study (i.e., DN-ZO-1) yielded disparate results (40) . Consistent with our data, Toyofuku and coworkers (40) showed a loss of Cx43 from cell-cell contacts following the expression of a DN-ZO-1-like sequence. However, this early investigation also reported that the ZO-1-truncation mutant caused no detectable change in AJ organization in HEK293 cells. These data stand in contrast to our results in myocytes and those of Ryoem et al. in an epithelial cell line derived from adult cornea (33) . The reason for the discrepancy is not clear; however, the most obvious difference between these studies is the cell types involved. HEK293 cells are a weakly polarized cell line derived from human embryonic kidney, which do not express tight junctions (24) . The level of differentiation of intercellular junctions in this embryonal cell line is low relative to polarized epithelial lines and neonatal myocytes.
Here we show that the targeting of PDZ2 alone is insufficient to destabilize AJs. Myocytes were treated with a PDZ2-binding peptide designed to inhibit the interaction between the Cx43 CT and ZO-1 (supplementary Fig. 1 ). This inhibitory peptide caused no change in AJ distribution or ZO-1 colocalization at AJs between cultured NRVMs (supplementary Fig.  1) . In previous reports, we have demonstrated that this PDZ2-binding peptide increases GJ size and showed no evidence of inducing a redistribution of Cx43 GJs from the membrane to the cytoplasm in either Cx43-expressing HeLa cells or NRVMs (20) . Indeed, consistent with the study of Maass and coworkers (29) , rather than causing GJ internalization, we observed that the targeting of the ZO-1 PDZ2 domain by the peptide resulted in an increase in membrane-localized pools of Cx43 in GJs (20) , i.e., the promotion of GJ stability at cell membranes rather than the destablization and cytoplasmic internalization observed here in response to DN-ZO-1. Therefore, it appears unlikely that DN-ZO-1 mediates its effects on GJ localization at myocyte-myocyte contacts via the disruption of PDZ2 function.
In conclusion, ZO-1 association with the N-cadherin multiprotein complex between myocytes is a key determinant of GJ localization at the ICD. Dynamic variance of membraneassociated guanylate kinase protein-protein interactions at the AJ appears to strongly influence the organization of GJs between myocardial cells. Further understanding of the regulation of ZO-1 dynamics at the AJ may provide insights into the disease mechanism of fatal cardiac arrhythmias.
